The histone chaperone Vps75 presents the remarkable property of stimulating the Rtt109-dependent acetylation of several histone H3 lysine residues within (H3-H4) 2 tetramers. To investigate this activation mechanism, we determined x-ray structures of full-length Vps75 in complex with full-length Rtt109 in two crystal forms. Both structures show similar asymmetric assemblies of a Vps75 dimer bound to an Rtt109 monomer. In the Vps75-Rtt109 complexes, the catalytic site of Rtt109 is confined to an enclosed space that can accommodate the N-terminal tail of histone H3 in (H3-H4) 2 . Investigation of Vps75-Rtt109-(H3-H4) 2 and Vps75-(H3-H4) 2 complexes by NMR spectroscopy-probed hydrogen/deuterium exchange suggests that Vps75 guides histone H3 in the catalytic enclosure. These findings clarify the basis for the enhanced acetylation of histone H3 tail residues by Vps75-Rtt109.
The acetylation of histones at several lysine residues contributes to the regulated disassembly and assembly of nucleosomes, a process essential for DNA replication and repair, and gene transcription. In budding yeast, the lysine acetyltransferase Rtt109 has been implicated in the acetylation of Lys-9, Lys-14, Lys-23, Lys-27, and Lys-56 in newly synthesized histone H3, modifications that are associated with nucleosome assembly during DNA replication and transcription (1) (2) (3) (4) (5) (6) . The catalytic activity of Rtt109 is regulated by its association with the histone chaperones Asf1 and Vps75. Asf1 is essential for the acetylation of Lys-56 within the globular core of H3-H4 in vivo, whereas Vps75 is dispensable for this enzymatic reaction. In contrast, Vps75 is required for the enhanced acetylation of histone H3 N-terminal tail residues Lys-9, Lys-14, Lys-23, and Lys-27, as well as H3 Lys-56, in vitro (4, 5, (7) (8) (9) (10) (11) (12) .
Three-dimensional structures of truncated forms of Vps75 and Rtt109 in their free state have been reported, but to date, there is no crystal structure of the Vps75-Rtt109 complex available that could shed light on the 2 orders of magnitude enhanced catalytic activity of Rtt109 when bound to Vps75. To investigate this activation mechanism, we determined the three-dimensional structures of the Vps75-Rtt109 complex with full-length proteins in two different crystal forms. We show that crucial to the tight interaction between Vps75 and Rtt109 are intrinsically disordered regions of the two proteins that become folded upon complex formation, generating an enclosed catalytic area. The enclosure is too small to bind the folded core of an (H3-H4) 2 tetramer but can accommodate the N-terminal tail of histone H3 through interaction with Vps75, as probed by NMR spectroscopy. Our studies strongly suggest that Vps75-Rtt109 is primarily a histone H3 tail acetyltransferase, with Vps75 guiding the H3 tail for efficient lysine acetylation by Rtt109.
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization-Vps75 and Rtt109 were co-expressed in Escherichia coli, and their complex was purified by a combination of affinity and size exclusion chromatography. The protein expression and purification protocols as well as crystallization conditions are reported in the supplemental Experimental Procedures.
Diffraction Data Collection and Processing-Diffraction data for structure determination were collected at 100 K at the 19-ID beamline of the Advanced Photon Source (APS), Argonne National Laboratory. Data were indexed, integrated, and scaled using HKL3000 (13) . The space groups for two different crystallization conditions were P6 1 22 and P2 1 2 1 2 1 , respectively.
Structure Determination-The Vps75-Rtt109 complex structures were solved by molecular replacement using Phaser (14) with the crystal structures of Rtt109 (Protein Data Bank (PDB) entry 3CZ7) and Vps75 (PDB entry 2ZD7) as starting models. Repeated cycles of model building and refinement were performed with Coot (15) and Refmac5 (16), respectively, followed by further refinement using Phenix (17, 18) with the integration of MolProbity geometry checks (19) . Translation libration screw (TLS) motion group definitions were determined using the TLS Motion Determination Server. The two structures were determined to a resolution of 2.7 Å and refined to residual R work /R free values of 20.6/24.7% and 20.2/22.5% for the P6 1 22 and P2 1 2 1 2 1 crystals, respectively. The x-ray crystallography data collection and refinement statistics are summarized in Table 1 .
NMR Spectroscopy-NMR spectroscopy measurements were carried out at 22°C using a Bruker Avance III 700 MHz spectrometer equipped with a 1 H, 15 N, 13 C cryogenic probe. The histone (H3-H4) 2 
RESULTS AND DISCUSSION
The Vps75-Rtt109 Complex Forms an Asymmetric Assembly with a 2:1 Stoichiometry-To gain insights into the activation mechanism of Rtt109 by Vps75, we undertook a structural characterization of Vps75 in complex with Rtt109 using fulllength proteins. Crystals of the Vps75-Rtt109 complex formed in space groups P6 1 22 and P2 1 2 1 2 1 , revealing, in each case, an asymmetric assembly composed of two molecules of Vps75 and one molecule of Rtt109 in the asymmetric unit. Both structures were determined to a resolution of 2.7 Å (Fig. 1, A and B, supplemental Fig. S1 and Table 1 ). The two structures are similar (supplemental Fig. S2A ) with a backbone (N, C ␣ , CЈ) root mean square deviation of 1.3 Å for the best fit superposition of residues 3-403 of Rtt109, 8 -226 of Vps75 (chain A), and 11-219 of Vps75 (chain B). In the P6 1 22 crystal form, a C-terminal ␣-helix in Rtt109 (residues 412-424) contacts a Vps75 molecule in an adjacent, symmetry-related, 2:1 Vps75-Rtt109 complex (supplemental Fig. S1A ). The corresponding region of Rtt109 is disordered in the P2 1 2 1 2 1 crystal (supplemental Fig. S2A ). The 2:1 stoichiometry of the Vps75-Rtt109 complex is consistent with equilibrium sedimentation profiles that are best fit to a single component model corresponding to two molecules of Vps75 and one of Rtt109 (20) .
One molecule of Rtt109 and a homodimer of Vps75 assemble through three distinct interfacing areas (detailed below), generating a cylinder-shaped enclosure whose interior consists of the active site-containing surface of Rtt109 and of a largely electronegative surface created by the two Vps75 molecules (Fig. 1 , C and D). The long axis of the cavity runs parallel to a channel in Rtt109 thought to accommodate Rtt109 acetylation substrates. From previously reported structures of free Rtt109, this channel holds the acetyl-CoA binding cavity (20 -22) . The most noticeable difference between free and Vps75-bound Rtt109 is the disorder-to-order transition of a large segment of Rtt109 (residues 130 -175) upon interaction (supplemental Fig. S2, B and C) . In the absence of Vps75, this Rtt109 segment is sensitive to proteolysis, indicating that it is unfolded (data not shown) (22) . Indeed, all three reported structures of Rtt109 were determined after this disordered region was deleted (20 -22) (supplemental Fig. S2B ). Nonetheless, this Rtt109 region is essential for association with Vps75 as its deletion prevents complex formation. From the complex structures, this segment constitutes the main binding motif of the three interaction interfaces (interface 1), adopting a stable conformation via extensive hydrophobic and charge-charge interactions with the two Vps75 molecules (Figs. 1 and 2 ). In particular, residues 144 -155 within this Rtt109 segment form an amphipathic ␣-helix, with the hydrophobic side interacting with a complementary hydrophobic surface formed by the N-terminal end of the long ␣-helix of Vps75 chain B (residues 11-23) and by an ␣-helix of Vps75 chain A (residues 212-220) ( Fig. 2A) . Two bidentate salt bridges involving Rtt109 Arg-149 and Arg-154 and Vps75 Glu-23 (chain B) and Asp-222 (chain A), respectively, complement the hydrophobic contacts ( Fig. 2A) .
Several Rtt109 amino acids (residues 124 -143 and 158 -177) preceding and following the amphipathic ␣-helix fold into a globular motif that surrounds Vps75 Leu-223 (chain A). The motif is stabilized by a hydrophobic core made up of Rtt109 Tyr-130, Ile-133, Pro-135, Leu-137, Leu-163, Phe-171, Leu-175, and Tyr-176 (Fig. 2B) . Leu-223 nicely illustrates the asymmetric nature of the Vps75-Rtt109 complex as this residue from Vps75 chain A is totally buried at the intermolecular interface, whereas in chain B, it is fully accessible to solvent. Further stabilizing the complex, Rtt109 Arg-128 participates in salt bridges with Vps75 Asp-225 and Glu-226 (chain A) (Fig. 2B) . The Vps75 amino acids 226 -229 (chain A) form a ␤-turn anchored to Rtt109 by a salt bridge between Vps75 Glu-229 and Rtt109 Arg-355 (not shown).
The other two interfaces between Rtt109 and Vps75, one on each side of the catalytic enclosure, are shown in Fig. 1 , C and D Fig. S3B ). These residues of Vps75 are missing in two of the previously determined structures of free Vps75 (5, 20) and located at the crystal packing interface in the third structure (23) . Adjacent to the hydrophobic area, negatively charged side chains of Rtt109 are proximal to a positively charged region of Vps75 (chain B). There is also a salt bridge between Rtt109 Asp-301 and Vps75 Lys-177 (supplemental Fig. S3B ).
In summary, parts of Rtt109 and Vps75 forming the tripartite interface undergo disorder-to-order folding transitions upon complex formation. Although both Vps75 chains contribute interactions with Rtt109, chain A accounts for ϳ73% of the total Vps75-Rtt109 interface area of ϳ2300 Å 3 (supplemental Fig. S4) .
The Vps75-Rtt109 Complex Recognizes the N-terminal Tail of Histone H3-The cylindrical enclosure shaped by Vps75 and Rtt109 has dimensions (ϳ35 ϫ 30 Å) that preclude full insertion of an (H3-H4) 2 histone tetramer (Fig. 1) . The regions of Rtt109 (residues 130 -175) and Vps75 chain A (residues 248 -253) that contribute to interfaces 1 and 3 partly close off one side of this cavity. Thus, the cavity likely accommodates only a partial insertion of histone tetramer, even if there are unrevealed conformational rearrangements upon binding. Because crystallographic studies have demonstrated that Asf1 associates with an H3-H4 heterodimer, blocking the formation of (H3-H4) 2 tetramer (24, 25), we reasoned that Vps75-Rtt109 might also disrupt (H3-H4) 2 by accommodating the H3-H4 dimer into the catalytic enclosure.
To test this possibility and gain information on the interaction interface of full-length Vps75-Rtt109 complex and Vps75 alone with (H3-H4) 2 in solution, we devised an NMR spectroscopy-based hydrogen/deuterium (H/D) 3 exchange protection assay (26, 27) . Briefly, the (H3-H4) 2 Results of the H/D protection assays are summarized in Fig.  3 . In the presence of Vps75-Rtt109, there is preferentially reduced H/D exchange for amino acids at the N terminus of histone H3, a region corresponding to the flexible tail of H3 bearing 4 lysine residues known to be acetylated by Vps75-Rtt109. Residues in the last ␣-helix of H3, as well as the C terminus of the penultimate ␣-helix and the linker between these two helices, are also protected from H/D exchange, albeit to a 3 The abbreviation used is: H/D, hydrogen/deuterium. lower extent than the tail residues (Fig. 3A) . The N-terminal tail and C-terminal part of H3 lie on the same side of the histone tetramer and are close in space (Fig. 3B) .
Our results show that the interaction interface of Vps75-Rtt109 with histone H3, within the context of (H3-H4) 2 , is limited to the flexible H3 tail and an adjacent region of H3 in the tetramer, in agreement with the limiting volume of the catalytic enclosure. The crystal structures of free Vps75 show a negatively charged concave surface that could in principle cover a larger area of the histone tetramer than does Vps75-Rtt109. Remarkably, however, the H/D exchange data reveal the binding interface in Vps75-(H3-H4) 2 alone is also restricted to the N-terminal tail and C-terminal residues of histone H3 (Fig. 3) .
Although the H/D exchange protection assays do not probe the contact surface with histone H4, the limited change in H3 protection by Vps75-Rtt109 or Vps75 lends no support for the disruption of histone tetramers by these proteins.
The similar H/D exchange protection in H3 by Vps75-Rtt109 and Vps75 implies an important Vps75 function in orienting histone H3. Vps75 can be seen as contributing to the presentation of (H3-H4) 2 to Rtt109, resulting in efficient catalysis. The histone guidance effect of Vps75 likely increases the frequency of Rtt109/(H3-H4) 2 encounters that are productive for acetyl transfer, therefore providing an explanation for the ϳ100 -250-fold enhanced catalytic rate constant (k cat ) of Rtt109 and virtually unchanged K m in the presence of Vps75 (5, 11, 12) . We note also that the confinement of the Rtt109 catalytic site to a small volume in the Vps75-Rtt109 complex may contribute to the increased enzyme efficiency by increasing the formation rate of enzyme-substrate complexes.
Conclusion-The structural and binding data reported here strongly suggest that Vps75-Rtt109 is foremost a histone H3 tail binding and acetylation complex. This interpretation is consistent with the main target of Vps75-Rtt109 being Lys-9 in the H3 tail in vitro and in vivo (5, 9) and with the observation that Vps75-Rtt109 cannot efficiently acetylate Lys-56 in the globular core of (H3-H4) 2 tetramers (7). The efficient acetylation of Lys-56 by Vps75-Rtt109 necessitates the chaperone Asf1 (7). However, unlike Vps75, which forms a tight complex with Rtt109 (K D ϭ ϳ10 nM) (11) and co-purifies with Rtt109 from yeast cell extracts, Asf1 and Rtt109 do not co-purify, demonstrating the much lower affinity of the latter complex (7). We propose that Asf1, by dissociating (H3-H4) 2 into dimers, allows partial dimer insertion in the catalytic enclosure of Vps75-Rtt109, leading to efficient acetylation of Lys-56. More work is needed to test this hypothesis.
